Birth asphyxia can cause moderate to severe brain injury. It is unclear to what degree apoptotic or necrotic mechanisms of cell death account for damage after neonatal hypoxia-ischemia (HI). In a 7-d-old rat HI model, we determined the contributions of apoptosis and necrosis to neuronal injury in adjacent Nisslstained, hematoxylin and eosin-stained, and terminal deoxynucleotidyl transferase-mediated UTP nick end-labeled sections. We found an apoptotic-necrotic continuum in the morphology of injured neurons in all regions examined. Eosinophilic necrotic neurons, typical in adult models, were rarely observed in neonatal HI. Electron microscopic analysis showed "classic" apoptotic and necrotic neurons and "hybrid" cells with intermediate characteristics. The time course of apoptotic injury varied regionally. In CA3, dentate gyrus, medial habenula, and laterodorsal thalamus, the density of apoptotic cells was highest at 24-72 hr after HI and then declined. In contrast, densities remained elevated from 12 hr to 7 d after HI in most cortical areas and in the basal ganglia. Temporal and regional patterns of neuronal death were compared with expression of caspase-3, a cysteine protease involved in the execution phase of apoptosis. Immunocytochemical and Western blot analyses showed increased caspase-3 expression in damaged hemispheres 24 hr to 7 d after HI. A p17 peptide fragment, which results from the proteolytic activation of the caspase-3 precursor, was detected in hippocampus, thalamus, and striatum but not in cerebral cortex. The continued expression of activated caspase-3 and the persistence of cells with an apoptotic morphology for days after HI suggests a prolonged role for apoptosis in neonatal hypoxic ischemic brain injury.
Birth asphyxia can cause cerebral hypoxic ischemic injury, resulting in severe neurological sequelae and death. Survivors of perinatal asphyxia frequently have moderate to severe brain injury for which there currently is no promising therapy (Johnston, 1997) . The results of morphological, histochemical, and molecular studies indicate that apoptotic and necrotic mechanisms account for neuronal death after cerebral hypoxia-ischemia (HI) in different neonatal animal models (Mehmet et al., 1994; Charriaut-Marlangue et al., 1996a,b; Chopp and Li, 1996; Macaya, 1996; Yue et al., 1997; Banasiak and Haddad, 1998; Pulera et al., 1998; Renolleau et al., 1998) . For example, a neonatal ischemia-reperfusion model showed terminal deoxynucleotidyl transferase-mediated UTP nick end labeling (TUNEL)-positive nuclei from 4 hr to 30 d after reperfusion (Renolleau et al., 1998) . A human study demonstrated apoptotic and necrotic forms of cell death after hypoxic injury, whereas in some brains from stillbirths, only apoptotic figures were observed (Scott and Hegyi, 1997) . The form of cell death also may depend on the severity of ischemic injury (Kerr et al., 1972; Bonfoco et al., 1995) . Necrosis predominates in more severe cases, whereas apoptosis occurs in areas with milder ischemic injury, often days after the initial insult (Stroemer and Rothwell, 1998) .
In general, hypoxic ischemic damage in the immature brain evolves more rapidly than its adult counterpart (Rice et al., 1981; Towfighi et al., 1995) . In vitro evidence indicates an increased susceptibility to apoptosis in immature cortical neurons (McDonald et al., 1997) . However, the relative contribution of apoptotic and necrotic mechanisms to cell death in neonatal ischemia is unknown. In the present study, we characterized the time course of hypoxic ischemic brain injury in neonates in selected regions. We used a 7-d-old rat HI model in which the pattern of brain injury resembles that of hypoxic ischemic injury in term human infants (Johnston, 1983; Vannucci, 1990) .
Another aim was to study the relationship between temporal and regional patterns of neuronal cell death and caspase-3 protein expression in this model. Caspase-3 is a member of the interleukin-1␤-converting enzyme family of cysteine proteases, which trigger the execution phase of apoptosis (Yuan et al., 1993; Porter and Janicke, 1999) . In various ischemia models, caspase-3 is an important neuronal death effector (Endres et al., 1997; Hara et al., 1997a; Chen et al., 1998; Cheng et al., 1998; Endres et al., 1998; Namura et al., 1998; Ni et al., 1998; Schulz et al., 1998 Schulz et al., , 1999 . Caspase inhibitors are neuroprotective in adult ischemia models (Hara et al., 1997b; Cheng et al., 1998) , even when animals are treated 6 -9 hr after the onset of ischemia Fink et al., 1998) . We also examined whether caspase-3 displayed prolonged activation in this model. An extended period of apoptosis and caspase-3 activation in neonatal brain after HI (Li et al., 1998) would support the possibility of a prolonged therapeutic window for intervention (Cheng et al., 1998) .
MATERIALS AND METHODS
Unilateral cerebral hypoxia-ischemia model. All experiments were performed in accordance with approved institutional animal care guidelines. Common carotid artery occlusion combined with hypoxia in postnatal day 7 (P7) rat pups was used as described previously (Trescher et al., 1997) to produce hypoxic ischemic brain damage. P7 Sprague Dawley rats from Charles River Laboratories (Wilmington, M A) rat pups were separated from their mothers and placed in a temperature-controlled incubator set to an ambient temperature of 35°C. Under deep ether anesthesia, the right common carotid artery was isolated, double-ligated, and cut between the ligatures. After the surgical procedure, the animals recovered for 2 hr in a temperature-controlled incubator and then were exposed to a 2 hr period of hypoxia. Pups were placed in enclosed, vented chambers that were partially submerged in water (36.5°C). Hypoxia was induced by continuous flow of warmed, humidified gas (8% oxygen, balanced with nitrogen). Nontreated littermates served as controls.
T issue preparation. Pups were killed at various times after hypoxic ischemic exposure [0, 6, 12, 24, 48, 72, and 168 hr (7 d) after HI]. Four separate sets of animals were subjected to HI. The brains for the first group (Nissl staining and caspase-3 immunocytochemistry) were perf usion-fixed and frozen (n ϭ 2 at 0 and 6 hr; n ϭ 3 at 12 and 168 hr; n ϭ 5 at 24 and 48 hr; n ϭ 4 at 72 hr). Another group of brains [hematoxylin and eosin (H&E), Nissl, and TUN EL staining] were perf usion-fixed and paraffinembedded (n ϭ 2 at 0, 6, 12, and 168 hr; n ϭ 4 at 24 hr; n ϭ 3 at 48 and 72 hr). A third group of brains were perf usion-fixed and processed for electron microscopy (n ϭ 2 at the 24 and 48 hr survival times). A fourth group of brains (Western blotting) was fresh-frozen (n ϭ 4 for HI brains; n ϭ 1 for nontreated controls at each time point).
Nissl staining. For dark-field microscopy of Nissl-stained sections and caspase-3 immunohistochemistry, rat pups were anesthetized with 300 mg / kg chloral hydrate intraperitoneally and then perf used through the left ventricle with 0.1 M PBS, followed by 4% paraformaldehyde (PAF) in 0.1 M phosphate buffer, pH 7.4 (4°C). Brains were then removed, post-fixed for 6 -10 hr in the same fixative, and cryoprotected in 15 and 30% (w/ v) sucrose in PBS. They were frozen with powdered dry ice and stored at Ϫ70°C. Frozen PAF-fixed brains were sectioned at a thickness of 50 m on a sliding microtome. For Nissl staining, sections were mounted on gelatincoated slides and stained with cresyl violet as described previously (Lange et al., 1999) .
Immunoc ytochemistr y. Sections adjacent to the Nissl-stained sections were processed for caspase-3 immunocytochemistry. Sections were incubated in PBS with 5% normal goat serum, 0.2% Triton X-100, and 0.2% gelatin solution (PBS-GS) as preblocking step, followed by incubation overnight at 4°C in the caspase-3 antibody (anti-caspase-3/ yama /apopain; Upstate Biotechnology, Lake Placid, N Y) diluted 1:200 in PBS-GS. The caspase-3 antibody was visualized using the avidin-biotin peroxidase complex method (Blue et al., 1997) .
Paraffin embedding. Rat pups were perf used under deep anesthesia with PBS, followed by 4% PAF in 0.1 M PBS. Brains were removed, kept in the same fixative solution for 1 week, and then embedded in paraffin. Paraffinembedded brains were sectioned at a thickness of 6 m and processed for H&E or Nissl staining or TUN EL as described previously (Lange et al., 1999) .
In situ labeling of 3Ј-OH DNA ends (ApopTag). To investigate the relationship between DNA fragmentation and cell morphology, in situ end labeling was performed on paraffin-embedded sections to identif y DNA fragments from cells dying by apoptosis and necrosis (Yasuda et al., 1995; de Torres et al., 1997) . 3Ј-OH ends of DNA fragments were detected using the ApopTag peroxidase kit from Intergen Company (Purchase, N Y). To reduce the background staining and increase the sensitivity, we adopted a combined pretreatment method (Negoescu et al., 1996 LabatMoleur et al., 1998) . The slides were immersed in 0.01 M citrate buffer, pH 3, heated for two cycles of 5 min microwave irradiation, and incubated in a 20 g /ml solution of proteinase K . No inhibition of endogenous peroxidase was performed because H 2 O 2 weakens terminal deoxynucleotidyl transferase (TdT) activity (Migheli et al., 1995) and induces DNA breaks (Wijsman et al., 1993) . After combined pretreatment, sections were blotted and incubated with a mixture containing TdT enzyme and digoxigenintagged dUTP. Negative controls had the TdT omitted. The reaction product was visualized by 1-2 min incubation in 0.05% diaminobenzidine. The TUN EL -labeled slides were counterstained with 1% methyl green (Lange et al., 1999) .
Screening of degenerating neurons. T wo authors blinded to the experimental protocol evaluated the injury in Nissl-stained sections from seven brain regions (cerebral cortex, hippocampus CA1, dentate gyrus (DG), striatum, globus pallidus, laterodorsal thalamus, and medial habenula). These areas were selected because of their known susceptibility to hypoxic ischemic injury (Volpe, 1995) . Each investigator rated the damage using dark-field microscopy. This method identifies cells with clumped chromatin, independent of the type of cell death. The rating scale for injury was as follows: 0, single or no clusters of degenerating neurons; 1, occasional clusters (mild); 2, multiple clusters (moderate); and 3, confluent clusters (severe). For this analysis, only the right hemisphere (ipsilateral to ligation) was evaluated.
Neuropatholog ical anal ysis of apoptosis and necrosis. Another semiquantitative analysis evaluated, at each time point, in both hemispheres, the degree of apoptotic and necrotic injury in cerebral cortex (frontal, cingulate, parietal, and retrosplenial areas), basal ganglia (striatum and globus pallidus), hippocampus (CA1, CA3, and dentate gyrus), laterodorsal thalamus, subiculum, and medial habenula. T wo investigators blinded to treatment examined adjacent H&E-stained, Nissl-stained, and TUN ELlabeled sections. In H&E-and Nissl-stained sections, the identification of apoptotic cells depended on the recognition of round or oval apoptotic bodies (Gavrieli et al., 1992; Wijsman et al., 1993) . Because most apoptotic cells have multiple apoptotic bodies (2-20 per cell) (Li et al., 1995b (Li et al., ,c, 1998 , a cell was defined as apoptotic if it had two or more round, regularly shaped, dark purple chromatin clumps. Necrotic cells in H&E-stained sections were identified by their intense cytoplasmic eosinophilia, dispersed nuclear chromatin, and the loss of nuclear membrane integrity (karyolysis) (Wyllie et al., 1980; Majno and Joris, 1995) or by nuclear changes alone without eosinophilic cytoplasm. Of note, chromatin changes alone could not be used as reliable markers for type of cell death. Karyolysis is indicative of necrosis, but pyknosis (chromatin condensation and nuclear shrinkage) and karyorrhexis (fragmentation of condensed chromatin, also seen with TUN EL) are features of both apoptosis and necrosis.
Statistical anal ysis. For both semiquantitative analyses, we used the statistical program (SPSS Professional Statistics version 7.5; SPSS Inc., Chicago, IL) to evaluate inter-rater reliability. A split-half reliability analysis was performed to compare the ratings of injury by the two investigators. A multivariate repeated measures ANOVA was also used to study the differences among raters, regions, and survival. For each animal, scores of the two investigators were averaged; reported values represent the mean Ϯ SEM for the animals in each group.
Electron microscopy. T wenty-four and 48 hr after HI, pups (n ϭ 2 at each time point) were anesthetized with chloral hydrate and perf used with 70 ml of PBS, followed by 150 ml of 1% paraformaldehyde and 1.25% glutaraldehyde in 0.1 M PBS, pH 7.4. After perf usion, the brains were removed and post-fixed overnight in the same fixative. Samples of cortex, hippocampus, and thalamus from both hemispheres were microdissected from each rat, post-fixed for 2 hr in 1% osmium tetroxide, washed in PBS, dehydrated in ethanol, and embedded in epoxy resin. Semithin (1 m) sections were stained with cresyl violet and screened. An area of interest was selected, and ultrathin sections were cut and placed on single-hole grids. After staining with uranyl acetate and lead citrate, the sections were examined using a Phillips EM 120 electron microscope.
Western blots. A fourth set of animals was anesthetized with 300 mg / kg chloral hydrate intraperitoneally and killed. The cortex, hippocampus, striatum, and thalamus from both hemispheres were dissected from P7 rat pups at 0, 3, 6, 12, 24, 48, 72 , and 168 hr after HI (four animals for HI and one nontreated control at each time point). Tissue was frozen on powdered dry ice and stored at Ϫ80°C until use. After thawing in lysis buffer [50 mM Tris-HC l, pH 7.4, containing 2 mM EDTA and one tablet complete protease inhibitor cocktail /10 ml (Boehringer Mannheim, Mannheim, Germany], the tissue was homogenized and centrif uged at 12,000 ϫ g at 4°C for 15 min. Protein was denatured in SDS gel -loading buffer (0.125 M Tris, pH 6.8, 20% glycerol, 10% mercaptoethanol, 4% SDS, and 0.002% bromophenol blue) at 95°C for 2 min and separated on a 10% SDS-PAGE gel using a mini-protean system (Bio-Rad, Hercules, CA) with high-range molecular weight markers. Protein measurements were performed using a Bio-Rad protein assay; equal amounts of total protein (40 g) were loaded in each lane. A purified caspase-3 standard (nonstimulated A-431 cell lysate; Upstate Biotechnology) was electrophoresed separately to verif y that the induced bands migrated to the same location on the gel. After electrophoresis, the protein was transferred to a nitrocellulose membrane. Blots were blocked with 3% nonfat milk in 0.1% TBST (50 mM Tris-HC l, pH 7.4, 150 mM NaC l, and 0.1% T ween 20) and probed with the same caspase-3 antibody used for immunocytochemistry (1:200 dilution in 3% nonfat milk-TBST). Immunoblots were processed with horseradish peroxidase-conjugated anti-rabbit IgG; bound antibodies were detected using a Western blot chemiluminescence reagent kit (Life Science Products, Boston, M A). For a protein loading control, the membrane was reprobed with anti-␣-tubulin antibody (1:50,000; Sigma, St. L ouis, MO).
RESULTS

General observations
Brains from control rats appeared normal; both cerebral hemispheres had a similar appearance. The mortality rate of pups that underwent HI was ϳ10% [group 1, 2 of 26 (8%); group 2, 3 of 21 (14%); group 3, 0 of 4; group 4 ϭ 3 of 31 (10%)]; pups that died were excluded from the study. In the first group (n ϭ 24; perfused and frozen), macroscopic observation of brains before 24 hr after HI revealed no detectable differences between the cerebral hemispheres. At 24 and 48 hr after HI, the hemispheres ipsilateral to the ligated side appeared edematous and slightly larger than the opposite hemispheres. At 72 hr after HI, the infarcted area became cystic. At 7 d, brains exhibited liquefaction with a partial collapse. In a second set of animals (n ϭ 18; paraffin-embedded), the timetable and the severity of damage was different. Swelling in the ipsilateral hemisphere began at 6 hr after HI, and liquefaction was apparent by 48 hr after HI. The variability in the timing and in the degree of damage likely reflected individual difference in the sensitivity to HI. Although the severity of injury varied, at least 70% of rats that were examined at 24 hr after HI (n ϭ 9) had developed infarcts in the ipsilateral cerebral hemisphere. In accordance with a previous report (Towfighi et al., 1995) , the contralateral cortex in many of the brains was damaged. Eight of 24 pups (33%) in the first set and 13 of 18 pups (74%) in the second set had mild damage in the contralateral hemisphere.
Regional patterns of neuronal injury
In an adult ischemia model, we showed previously in Nissl-stained sections that the clumped chromatin in neurons undergoing degeneration refracted light under dark-field conditions and appeared as bright objects in a dark background. We found this method useful for detecting the regional patterns of dying neurons in Nissl-stained sections from rats that had undergone hypoxic ischemic injury at postnatal day 7. Using dark-field microscopy, no bright objects were observed 0 hr after hypoxic ischemic injury ( Fig. 1 A, B) . Clusters of degenerated cells were detected in the cortex and striatum from 6 to 168 hr (7 d) after HI ( Fig. 1C-H ) . The occasional apoptotic cells in control brains and in the contralateral hemisphere of injured brains were not detected by the dark-field method. In frontal and parietal cortex, degenerated cells formed a columnar pattern (Figs.  1 D-H, 2A, 3A) , which matches that reported previously in the same model (Rice et al., 1981) . In the striatum, clusters of degenerating cells formed a patchy pattern of bright objects, 24 and 48 hr (Figs. 1C,E, 2B) and 7 d (Figs. 1G, 3B ) after hypoxic ischemic injury. The striatum had more degenerating cells than the globus pallidus. Under bright field, a patchy pattern of cells with apoptotic and necrotic morphologies was observed (Figs. 2 B1, 3B1) . At the 48 hr time point, we also observed degenerating cells in the lateral and laterodorsal thalamus, the medial habenula, and in CA1, CA3, and the dentate gyrus of the hippocampus (Figs. 1 F, 2C) . Under darkfield conditions, a ribbon of bright cells was present in right CA1 at 48 hr (Figs. 1 F, 2C ) and 7 d (Fig. 3C) after HI. Under bright field, the same sections showed a mosaic pattern of normal and degenerating cells in CA1 (Figs. 2C1, 3C1 ). In the cortex, we found many apoptotic cells that possessed two or more round, chromatin clumps in the penumbra (Fig. 2 A1) . Necrotic cells with small or punctate, irregularly shaped chromatin clumps, predominated in the ischemic core (Fig. 2 A2) . Figure 4 shows the two distinct temporal patterns of degenerating cells observed in different regions after HI. The values represent the semiquantitative assessments of damage at each time point obtained using the dark-field method. Overall, inter-rater correlation was 0.9529, and the scores assigned by two investigators did not differ significantly. Statistical analysis showed significant regional differences and a significant interaction between region and survival time variables ( p Ͻ 0.001). The density of degenerating cells in dentate gyrus, habenula, and thalamus was highest at 24 -48 hr after HI and subsequently declined (Fig. 4 A) . In cortex, striatum, and CA1, damaged cells were detected at 6 hr, and densities remained elevated from 24 hr to 7 d after HI (Figs. 1C-H, Fig. 4 B) .
Temporal and regional profiles of apoptotic and necrotic cells
In the second analysis, two raters blinded to treatment, evaluated apoptotic and necrotic injury in adjacent H&E-stained, Nisslstained, and TUNEL-labeled sections. Overall, the degree of injury was more severe in this group of animals. At 6 hr after HI, we detected many cells with pyknotic nuclei that were TUNELpositive in frontal, parietal, cingulate, and retrosplenial cortex, Figure 4 . Semiquantitative analysis of regional and temporal patterns of damage. Using the dark-field detection method, the degree of damage, which includes apoptosis, necrosis, and hybrid forms of cell death, was assessed semiquantitatively on a scale of 0 (little damage) to 3 (severe damage) at each time point by two investigators blinded to treatment (n ϭ 2 at 0 and 6 hr; n ϭ 3 at 12 and 168 hr; n ϭ 5 at 24 and 48 hr; n ϭ 4 at 72 hr). The average of the two scores for each animal was used to calculate the group means Ϯ SEM shown here. In globus pallidus, thalamus, dentate gyrus, and medial habenula, the density of damaged cells peaked between 24 and 48 hr after hypoxic ischemic injury and then subsequently declined ( A). In cortex, striatum, and CA1, the density of degenerating cells remained elevated through 7 d after HI ( B). striatum, and globus pallidus on the ligated side. Figure 5 shows the averaged score of the two raters for apoptotic and necrotic injury for the 12 brain regions examined at each time point. In most regions analyzed, cells dying by necrosis predominated. In frontal and parietal cortex, necrotic cells were distributed predominantly but not exclusively in the ischemic core. By 6 hr after HI, we observed relatively high densities of necrotic cells in the cortex, caudate putamen, hippocampus, and medial habenula. The density of necrotic cells remained elevated in most areas through 7 d after HI, except in the retrosplenial cortex, dentate gyrus, and medial habenula (Fig. 5C, I, L) . We observed two different temporal patterns of apoptotic injury. In frontal, parietal, and retrosplenial cortex, caudate putamen, globus pallidus, and CA1, the density of apoptotic cells remained high through 7 d after HI (Fig. 5A-F ) . In cingulate cortex, CA3, DG, subiculum, laterodorsal thalamus, and medial habenula, the density of apoptotic cells peaked between 24 and 72 hr after HI and then declined (Fig. 5G-L) . Statistical analysis showed no significant differences between the two raters; overall inter-rater correlation was 0.8955. ANOVA showed significant differences for region ( p Ͻ 0.02) and injury type (apoptosis vs necrosis, p Ͻ 0.001). There were significant interactions for region, injury type, and survival variables ( p Ͻ 0.05).
After HI, TUNEL showed a patchy pattern in striatum (Fig. 6 A) and a mosaic pattern in CA1 (Fig. 6 D) . TUNEL-positive cells showed apoptotic and necrotic morphologies (Fig. 6 B, C, E, F ) . TUNEL-positive cells were frequently found in the ischemic core.
Although TUNEL identified DNA fragmentation in both apoptotic and necrotic cells, the morphology differed between the two types of degenerating cells. The round, darkly stained chromatin of nuclei from apoptotic cells (Fig. 6 B, C) contrasted with the diffusely stained chromatin in necrotic cells (Fig. 6 E, F ) .
By 7 d after HI, karyorrhexis (fragmentation of condensed chromatin) and karyolysis (punctate chromatin fragmentation) were a common feature of dying cells in what remained of the cortex and CA1. In the hemisphere contralateral to the lesion, a few dying cells with apoptotic morphologies were observed between 6 and 72 hr after HI in cortex, striatum, laterodorsal thalamus, and subiculum.
Ultrastructure of degenerating neurons
To confirm the presence of apoptosis in this model, we performed an electron microscopic analysis. This analysis showed degenerating neurons that displayed morphologies that varied along an apoptosis-necrosis continuum. The morphological continuum we observed in this neonatal HI model was similar to that shown previously in the immature brain after excitotoxic injury (PorteraCailliau et al., 1997) . In cortex, we found cells with the regularly shaped, round clumps of condensed chromatin characteristic of apoptotic neurons (Fig. 7) . Uniformly condensed, regularly shaped, round chromatin clumps were present in cells at relatively early stages of apoptosis; the nucleus and cytoplasm remained relatively intact (Fig. 7 B, B1) . As apoptosis proceeded, neurons showed nu- Figure 5 . Semiquantitative analysis of regional and temporal patterns of necrotic and apoptotic forms of cell death. Examining adjacent Nisslstained, H&E-stained, and TUNEL-labeled sections, two investigators blinded to treatment semiquantitatively (0 to 3; see Fig. 4 ) assessed the degree of apoptotic and necrotic forms of cell death (n ϭ 2 at 0, 6, 12, and 168 hr; n ϭ 4 at 24 hr; n ϭ 3 at 48 and 72 hr). The average of the two scores for each animal was used to calculate the group means Ϯ SEM shown here. In frontal, parietal, and retrosplenial cortex, caudate putamen, globus pallidus, and CA1, the density of apoptotic cells remained high through 7 d after HI ( A-F) . In cingulate cortex, CA3, dentate gyrus, subiculum, laterodorsal thalamus, and medial habenula ( G-L), the density of apoptotic cells peaked between 24 and 72 hr after hypoxic ischemic injury and then subsequently declined.
clear and cytoplasmic shrinkage (Fig. 7C,C1) . At an advanced stage, phagocytosed apoptotic bodies and debris were observed (Fig. 7 D, D1 ). Apoptotic cells with morphologies that varied from relatively early stages to advanced stages were also observed in the thalamus (Fig. 8 A, B) and hippocampus (Fig. 8C,D) . Both swollen and normal mitochondria were observed in apoptotic cells (Fig.  8 A1) . Cells showing a morphology intermediate between that of classic apoptosis and necrosis, previously referred to as "hybrid" cells (Portera-Cailliau et al., 1997; Martin et al., 1998) , also were observed. The nucleus of these cells had large, irregularly shaped chromatin clumps, similar to apoptotic neurons, but the cytoplasm showed changes similar to necrotic neurons (Fig. 9 A, A1 ). The majority of necrotic cells had a distinctive morphology. The nucleus of these necrotic cells had relatively small, irregularly shaped, chromatin clumps (Fig. 9 B, B1 ) that were distinguishable from the large, round, regularly shaped chromatin clumps typical of apoptotic neurons. These types of necrotic cells were distributed predominantly in the cortex, thalamus, and hippocampus on the ligated side. Necrotic cells with pyknotic nuclei and condensed cytoplasm (Fig. 9C,C1 ), which are typical in adult ischemia models, were only rarely observed.
Caspase-3 immunostaining
Caspase-3 immunostaining was performed on 50 m sections adjacent to the Nissl-stained sections used for the dark-field analysis. Figure 10 shows the distribution of caspase-3-immunoreactive protein after HI in the P7 rat pups. Caspase-3-immunoreactive protein was expressed in injured cortex, striatum, hippocampus, and thalamus, regions shown previously to be selectively vulnerable to hypoxic ischemic injury in newborn rats. The cerebral cortex in normal control brains and in hemispheres contralateral to the ligation showed very weak caspase-3 immunoreactivity, consistent with observations in adult rat ischemia models (Chen et al., 1998) . Another study has shown ubiquitous expression of caspase-3 mRNA in all brain nuclei from P1 to P12, followed by a steep decline so that, in the adult, caspase-3 mRNA is restricted to piriform and entorhinal cortex and to areas in neocortex in which neurogenesis is observed (de Bilbao et al., 1999) . Thus, the evenly brown-stained cells that we observed throughout control brains and in the contralateral hemisphere of P7 hypoxic ischemic rats may be caspase-3-positive cells (Fig. 2 D, D1 ). In the ischemic core of cortex (Fig. 2 A3) and striatum (Fig. 2 B2) , darker, punctate caspase-3 immunoreactivity was present between 24 and 72 hr after HI. Hippocampus CA1 (Fig. 2C2 ) and laterodorsal thalamus exhibited increased caspase-3 immunoreactivity at 48 hr after HI. Caspase-3 staining appeared as dense, fine, or coarse granular deposits (Fig.  2 A3,B2 ), making it difficult to know its cellular localization. Although at 7 d after HI severely damaged cortex tissue was often lost during processing, the remaining cortex, including the penumbra, showed increased caspase-3 immunoreactivity (Fig. 3A2) . Caspase-3 immunoreactivity was also increased in the striatum (Fig. 3B2 ) and the thalamus (data not shown).
Caspase-3 immunoreactivity was enhanced in regions of the ligated hemisphere that displayed neurons undergoing apoptotic and necrotic types of cell death (Figs. 2 A3,B2,C2, 3A1,B1) . Overall, the regional and temporal patterns of caspase-3 staining corresponded well to those for degenerating cells. For example, regions such as cortex and striatum in which the densities of degenerating cells remained elevated through 7 d after HI also showed a prolonged increase in caspase-3 immunoreactivity. Likewise, in thalamus and dentate gyrus, regions in which the density of degenerating cells peaked at 48 -72 hr and then declined, showed a similar peak in the intensity of caspase-3 staining at 48 hr and diminished immunoreactivity 7 d after HI. CA1 was a notable exception. At 7 d after HI, the density of degenerating neurons in Nissl-stained sections of CA1 remained high (Figs. 3C1,B) , and apoptotic cells were most abundant at 7 d (Fig. 5F ). However, punctate caspase-3 immunoreactivity was diminished compared with its expression at 48 hr (compare Figs. 2C2, 3C2 ).
Western blots of caspase-3 protein
To investigate the in vivo expression of endogenous caspase-3 after HI, we analyzed the appearance of precursor caspase-3 protein and active subunits on Western blots. This immunoblot method is considered to be more quantitative than immunocytochemistry but less sensitive to spatial changes. Caspase-3 is synthesized as a 32 kDa proform that is cleaved during activation into a large subunit of p20 (20 kDa) or p17 (17 kDa) and a smaller subunit of p12 (12 kDa) (Nicholson et al., 1995; Erhardt and Cooper, 1996; Schlegel et al., 1996) . In our study, antibodies to caspase-3 recognized both precursor and the p17 subunit but not the p12 subunit. At all time points, the full-length caspase-3 (p32) was detected in brain tissue homogenates of ligated and contralateral hemispheres and in control brains. No significant time-dependent changes in caspase-3 (p32) expression were detected by densitometric analysis of immunoblots (n ϭ 4 per time point; data not shown). However, the activated p17 subunit showed regional and temporal differences in expression. In the striatum (Fig. 11 A) , the p17 subunit was present from 24 hr to 7 d after HI, but the levels of precursor protein remained unchanged. In the hippocampus (Fig. 11 B) , a faint band p17 subunit appeared at 12 hr after HI, and the density of the band increased at 24 -48 hr and then diminished. In the thalamus (Fig.  11C) , the p17 form was present at 72 hr and 7 d after HI. The p17 subunit was not detected in cortex at any time point (Fig. 11 D) .
DISCUSSION
This study evaluated the regional distribution and the temporal pattern of apoptotic and necrotic degeneration after HI in the newborn rat. In this neonatal HI model, both apoptotic and necrotic forms of cell death contribute to brain damage. By ultrastructural criteria, we confirmed that apoptosis occurs in this model. The temporal pattern of apoptosis varied in each region, but two general patterns were observed. In frontal, parietal, and retrosplenial cortex, striatum, globus pallidus, and CA1, a relatively high density of apoptotic cells were observed from 6 or 12 hr through 7 d after HI, the endpoint of our study. In cingulate cortex, CA3, DG, subiculum, laterodorsal thalamus, and medial habenula, we observed a bell-shaped curve with a peak in density between 24 and 72 hr after HI and a subsequent decline. The timing for the onset of cell death varied between the two groups of animals in which we evaluated temporal patterns of cell death. In the group with moderate to severe damage, apoptotic cells were observed as early as 6 hr after HI, whereas significant densities of apoptotic cells were not observed in the group with mild to moderate brain damage until the 24 hr time point. However, once initiated, both groups showed similar regional and temporal patterns of cell death.
The severity and variability in the injury and the regional pattern of damage in the present study was similar to that reported previously (Rice et al., 1981 , Towfighi et al., 1995 , 1997 Trescher et al., 1997) . The cortex, striatum, CA1 hippocampus, and medial habenula were particularly sensitive to hypoxic ischemic exposure. In the thalamus, the lateral, dorsal, and reticular nuclei were the most severely affected. In our study and in other ischemia models, necrosis predominated in the ischemic core, whereas apoptosis occurred primarily in the penumbra (Li et al., 1995a (Li et al., ,b,c, 1997 (Li et al., , 1998 Charriaut-Marlangue et al., 1996b; Chopp and Li, 1996) . As reported previously (Ito et al., 1975; Vannucci et al., 1993; Bonfoco et al., 1995; Vannucci and Vannucci, 1997) , the time course of the injury and amount of neuronal death depended on the severity of the insult.
In the present study, we rarely found eosinophilic, necrotic neurons that are typical in adult ischemia models (Garcia et al., 1995) . Instead, necrotic cells with aggregates of irregularly shaped chromatin were common. Apoptotic cells with round, chromatin clumps and intermediate types with large, irregularly shaped, chromatin clumps also were frequently observed. It is possible that the extended period of time over which cells die in this newborn model may account for the heterogeneity in their appearance. The greater severity and the more rapid pace of ischemia in older animals (Towfighi and Mauger, 1998) may not allow for the nuclear and cytoplasmic changes that occur in the newborn model.
Electron microscopy confirmed the apoptosis-necrosis morphological continuum after HI in the neonate. The pattern was similar to that observed in newborn rats after excitotoxic activation of NMDA and non-NMDA glutamate receptors (Portera-Cailliau et al., 1997) , suggesting that glutamate plays an important role in neonatal brain injury. The proportions of apoptotic neurons observed in newborn hypoxic ischemic and excitotoxic injury models also may vary between species (e.g., rats vs piglets), perhaps because of differences in the maturity or immaturity of the brains at the time of insult (Martin et al., 2000) . 
Coexistence of apoptosis and necrosis
Apoptosis and necrosis may not be mutually exclusive forms of cell death (Ankarcrona, 1998; Martin et al., 1998; Roy and Sapolsky, 1999) . It also is possible that different subsets of neurons die by apoptosis or necrosis. In our experiments, all regions exhibited both types of cell death, at all the time points examined. Even in the ischemic core, we found cells possessing apoptotic morphological features. Moreover, within a population of neurons (e.g., CA1 pyramidal neurons), the entire continuum of morphological appearance was present. The existence of apoptotic cells adjacent to necrotic cells in both excitotoxic and hypoxic ischemic newborn models (Portera-Cailliau et al., 1997; Martin et al., 1998) suggests that common extracellular microenvironmental signals may be involved.
In an adult middle cerebral artery occlusion ischemia model, at 46 hr after insult, the ratio of apoptotic cells to necrotic cells was 1:9, 1:6, and 1:13 in the ischemic core and inner and outer boundary zones, respectively (Li et al., 1998) . Although the majority of ischemic cells appeared necrotic, the findings support the existence of apoptotic cells in the ischemic core. Because of the short half-life of apoptotic cells relative to that of necrotic cells (Wyllie et al., 1980; Bursch et al., 1990; Pittman et al., 1993; Messam and Pittman, 1998) , the contribution of apoptosis to the hypoxic ischemic brain damage may have been underestimated (Chopp and Li, 1996; Li et al., 1998) . Considering the short time span for apoptosis, apoptosis must continue to be initiated in regions in which apoptotic cells are observed days after hypoxic ischemic injury. Our findings of significant densities of apoptotic figures in cortex, striatum, and CA1 7 d after HI suggest that new cells continue to be triggered to die by apoptosis over an extended period in these regions. In other regions in which apoptotic figures were observed for a shorter period (e.g., habenula, thalamus, and dentate gyrus), there were probably fewer cycles of apoptosis. Our observations of apoptotic cells in cortex, striatum, and CA1 7 d after HI indicate that cell death is an ongoing dynamic process and that therapeutic intervention even 1 week after the onset of hypoxic ischemic injury could be neuroprotective.
In accord with previous studies (MacManus et al., 1994; Yasuda et al., 1995; van Lookeren Campagne and Gill, 1996; de Torres et al., 1997; Charriaut-Marlangue et al., 1998) , we found that TUNEL staining primarily detected apoptotic cells with fragmented condensed nuclei. However, the TUNEL method also labeled nonapoptotic DNA fragments and was not always restricted to the nucleus. Some of the TUNEL-positive cells showing cytoplasmic labeling were probably macrophages because of their location in the ischemic core.
Ultrastructural analyses verified our light microscopic observations of apoptotic cells in this model. Our results are consistent with a previous electron microscopic study in the 7-d-old HI model Figure 9 . Nuclear changes in degenerating cells in cortex 48 hr after hypoxiaischemia. Light microscopic photographs of 1 m, Nissl-stained sections ( A-C) and electron micrographs (A1-C1) are shown. We found an intermediate type of degenerating neurons, hybrid cells (arrow, A, A1) with large, chromatin clumps in the nucleus that were similar in size to those found in cells undergoing apoptosis (see Figs. 7, 8) but that were more irregular in shape. Typical necrotic neurons had smaller clumps of irregularly shaped, condensed chromatin (asterisk in A; arrows in B, B1). Necrotic neurons, which had a relatively homogeneous nucleus with a few irregular chromatin clumps and condensed granular cytoplasm (C, C1) and were typically found in adult ischemic models, were rarely identified in this model. Scale bars: A-C, 10 m; A1, C1, 2 m; B1, 1 m. Intense, punctate caspase-3 immunoreactivity was enhanced in frontal, parietal, and cingulate cortex and in the striatum 24 hr after hypoxic ischemic injury. The density of caspase-3 immunoreactivity in the striatum was higher dorsally than ventrally and decreased slightly by 7 d after HI. In thalamus, increased caspase-3 immunoreactivity was distributed in lateral, laterodorsal, and reticular nuclei with a peak in density at 48 hr after HI. In hippocampus, intense caspase-3 immunoreactivity was present in CA1 and in the dentate gyrus at 48 hr after insult but had nearly disappeared by 7 d after hypoxic ischemic injury. (Pulera et al., 1998) . In adult rodent ischemia models, studies provide conflicting evidence for cells dying by apoptosis. Investigators examining 40,000 neurons in CA1 did not detect cells dying by apoptosis 4, 14, and 60 d after insult in an adult gerbil, global ischemia model (Colbourne et al., 1999) . Other studies suggest a possible role for apoptosis in the adult (MacManus et al., 1994; Charriaut-Marlangue et al., 1998) . However, apoptosis does appear to play a more predominant role in ischemia in the neonate than in the adult (Sidhu et al., 1997; Pulera et al., 1998) . The normal occurrence of programmed cell death (Sidhu et al., 1997 ) and higher caspase-3 expression (Siman et al., 1999) in the developing brain may influence the way cells die after HI in the neonate.
Capsase-3 immunohistochemistry and Western blots
Western blots detected both proenzyme (p32) and activated forms (p17 subunit) of caspase-3. It is likely that both forms of caspase-3 were positively stained in the immunocytochemical experiments, because we used the same antibody for both procedures. observed immunoreactivity of the caspase-3 precursor throughout normal adult mouse brain within neurons and axonal fibers. In adult rat brain, basal caspase-3 reactivity was found in the cell cytoplasm exclusively and only scattered, shrunken neurons in the cortex and thalamus showed nuclear caspase-3 immunoreactivity (Krajewska et al., 1997; Chen et al., 1998) .
In the present study, hypoxic ischemic-induced activation of caspase-3 was demonstrated indirectly by the appearance of the active p17 subunit on Western blots; the active p12 subunit of caspase-3 was not detected. Although we could not show directly that caspase-3 activation caused cell death, the prolonged expression of p17 subunits in the Western blots suggests that caspase-3 remained activated in the ligated hemisphere for an extended period of time. In agreement with our results, caspase-3 is cleaved after transient cerebral ischemia in adult rodent models (Chen et al., 1998; Namura et al., 1998) , as well as in cell culture studies (Erhardt and Cooper, 1996; Schlegel et al., 1996) . As reported previously , we did not detect the activated p17 subunit of caspase-3 in injured cortex but did find intense, punctate caspase-3 immunoreactivity in this region.
Our results showed that activation of caspase-3 protein was prolonged and that moderate to high levels of immunoreactive protein remained for at least 7 d after hypoxic ischemic injury. The regional and temporal patterns of caspase-3 immunoreactivity corresponded well with those for apoptosis, lending further support for a prolonged role of apoptosis in hypoxic ischemic injury in the neonatal brain. Our results are consistent with those showing delayed caspase-3 activation and neuroprotection with caspase inhibitors in neonatal HI (Cheng et al., 1998) . The protracted period of caspase-3 activation after HI also suggests an extended therapeutic window in which caspase inhibitors may reduce or prevent brain damage after neonatal asphyxia. Figure 11 . Regional and temporal differences in caspase-3 protein expression after neonatal HI. Brain tissue lysates (40 g/lane) were subjected in 10% SDS-PAGE. In the striatum ( A) on the ligated right side ( R), caspase-3 cleavage product (p17) was expressed from 24 hr through 7 d after HI. In the right hippocampus ( B), a faint p17 band was present at 12 hr after HI, and the density of the band increased at 24 -48 hr but diminished at 72 hr and 7 d after HI. In the thalamus ( C), the p17 band was present at the 72 hr and 7 d time points. In cerebral cortex ( D), we did not detect the p17 subunit in either hemisphere at any time point. This experiment was performed using five animals at each time point (4 animals for HI and 1 nontreated control); representative blots are shown. ␣-Tubulin was used as a protein loading control. L, Left side.
